Acetohydroxyacid synthase (AHAS) activity was studied in the green unicellular alga Chlorella emersonii. This activity and its regulation was compared in the algae grown autotrophically and heterotrophically on glucose in the dark. No evidence for the existence of more than one enzyme was found. The activity in crude extracts from either heterotrophically or autotrophically grown cells showed a Km for pyruvate of 9 millimolar, a 22-fold preference for 2-ketobutyrate over pyruvate as the second substrate, 50% inhibition by 0.5 millimolar valine, and 50% inhibition by 0.3 micromolar sulfometuron methyl (SMM). Spontaneous mutants of the alga resistant to SMM were isolated, which appeared to be single gene mutants containing SMM-resistant AHAS activity. Hence, AHAS appears to be the sole direct target site of SMM in C. emersonii. The fact that the mutants had equivalent SMM resistance under auto-and heterotrophic conditions further supports the conclusion that the same enzyme functions under both physiological regimes. The addition of valine and isoleucine leads to partial relief of SMM inhibition of biomass increase, but not of SMM inhibition of cell division.
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The enzyme acetohydroxyacid synthase (E.C. 4.1.3.18, AHAS2) is the key enzyme in the biosynthetic pathway leading to the branched-chain amino acids ( Fig. 1) (28) . Enzymes of this class can catalyze the biosynthesis of either AL, the first intermediate on the pathway to valine and leucine, or AHB in the pathway to isoleucine. As these reactions are irreversible and determine the amounts of the amino acid end products formed, the enzymes require complex regulatory mechanisms to ensure the proper functioning of the pathway.
In the enterobacteria in which these enzymes have been best studied, there are several different isozymes of expression and/or feedback inhibition (28) . The existence of these different isozymes, which have different specificities for the products, is apparently required in order for these bacteria to cope with varied physiological conditions (2) .
In contrast to the considerable knowledge accumulated concerning the bacterial enzymes, less is known about the physiological control and enzymic properties ofthe eukaryotic enzymes. In eukaryotes the evidence for the existence of multiple isozymes of AHAS, with distinct physiological control, is scant. Genetic evidence suggests that the yeast Saccharomyces cerevisiae (5) and the plant Arabidopsis thaliana (9, 16 ) contain a single AHAS gene. On the other hand, S. carisbergensis (10) and the tetraploid Nicotiana tabacum (3, 16) contain two AHAS genes, although it appears that the two N. tabacum genes are almost identical. Control of plant (18) , fungal (27) , and algal (19) AHAS by the branched-chain amino acids has been found at the level of the enzyme, but not at the gene level (18) . Interest in AHAS has grown recently, as it has been shown to be the target oftwo important new groups of herbicides, the sulfonylureas and imidazolinones (11) . These herbicides provide, in turn, new tools for characterization of the enzymes and of the branched-chain amino acid biosynthetic pathway.
Chlorella is a genus ofgreen unicellular alga, which includes a number of species that can grow under both auto-and heterotrophic conditions. These growth regimes can lead to very different physiological behavior ofthe algae. In this paper the expression of AHAS in C. emersonii growing under autoand heterotrophic conditions was compared.
MATERIALS AND METHODS Algae and Growth Conditions
Chlorella emersonii var emersonii (CCAP-211/ ln, from the culture collection of Cambridge), was grown under sterile conditions in batch culture in inorganic medium N-8 (26) . The autotrophic cultures were grown in columns or Erlenmeyer flasks, as previously described (29) . For heterotrophic growth, the algae were grown in the dark in 250-mL Erlenmeyer flasks containing 100 mL N-8 medium to which 1% (w/v) glucose was added. where VAHB and VAL are the rates of AHB and AL formation, respectively. The derivation of these equations is described in a previous report (7) . The specificity ratio R was derived from the fitted parameters using the relationship R = V1[Pyruvate] /VoK (7) and appropriate propagation of errors. The R at each experimental point was determined as:
Chemicals
The reagents used were of analytical grade. All amino acids were the L-isomer. SMM was a gift of Dr. J. V. Schloss from E. I. du Pont de Nemours & Co.
RESULTS

Sensitivity of C. emersonii to SMM
The herbicide sulfometuron methyl (SMM) is a powerful slow-binding inhibitor of AHAS (12, 24) of the sulfonylurea class. SMM inhibited the autotrophic growth of Chlorella emersonii with complete inhibition at 10 jiM ( Fig. 2A) . Higher concentrations of SMM gave results similar to those observed at 10 jAM. The MIC of SMM for the Chlorella under our autotrophic conditions is thus 5 to 10 j,M. At concentrations lower than the MIC, SMM decreased growth rates as well as increased lag periods (Fig. 2A) . The MIC of SMM under heterotrophic conditions was approximately 5 ,iM (Fig. 2B) . It thus appears that the sensitivity of Chlorella to SMM is somewhat higher under heterotrophic conditions.
Under heterotrophic conditions, valine and isoleucine (1 mM) led to partial relief of the inhibition by SMM. Addition of these branched-chain amino acids allowed an increase in the turbidity of the SMM-treated culture at a rate equal to that ofthe control for 3 d, although the final turbidity reached was only approximately half that of the control. Inhibited cultures became yellow, while those with added isoleucine and valine remained green for as long as 3 days. Higher concentrations of these amino acids were not more effective (data not shown). It is of interest that despite the similarity in the initial turbidity increase between the control heterotrophic culture and that treated with SMM and Ile + Val, the cells in the latter culture did not increase in number (Table I ). The increase in turbidity without apparent increase in the number of cells (the average turbidity per cell appears to increase by about fourfold) under these conditions is consistent with the microscopic observation, which shows larger cells in this case than in the control heterotrophic culture (not shown).
Isolation and Characterization of SMM Resistant Mutants
Spontaneous mutants resistant to SMM were isolated after a long lag (about 12 d) from autotrophic cultures grown in minimal medium in the presence of 10 ,uM SMM. The inoculum size was approximately 5 x 108 cells per column to ensure appearance of mutants. Colonies were isolated on N-8 solid medium without SMM, and tested for their resistance to SMM by replica plating with and without SMM in the solid medium. Based on the length of the lag period until an increase in cell number was detectable (13 d) and the doubling time of the mutants (15 h), the calculated mutant frequency is about 1 in 2 x 106. Two SMM-resistant mutants were isolated from separate cultures and designated SMR1 and SMR2. Under autotrophic conditions, SMR1 grew equally well in the presence and absence of SMM, while SMR2 had a slightly increased lag in the presence of 10 ,uM SMM in the medium and reached slightly lower maximal cell concentrations (Fig. 3) . The mutants were also resistant to SMM when grown under heterotrophic conditions, with a slight difference in resistance between the two mutants as observed under autotrophic conditions (data not shown).
In order to determine whether AHAS is the target for SMM in Chlorella, the sensitivity of the enzyme to the herbicide was examined and compared to that of the two spontaneous SMM-resistant mutants. Extracts were prepared from exponentially growing cultures, and AHAS activity was determined in the presence of 0.1 to 200 ,uM SMM. The enzyme of wild-type algae was inhibited by SMM with an I50 of 0.3 ,uM (Fig. 4) . The two mutant enzymes were more resistant to SMM inhibition, but were different from one another: mutant SMR2 had an I5o of 5 A,M while in SMR1 Iso was 70 ,uM.
These results are in agreement with the growth resistance of the mutants (Fig. 3) . The Iso values of SMM toward AHAS in crude extracts of heterotrophic cultures were similar to those observed with autotrophic cultures (Table II) .
Characteristics of AHAS from Autotrophic and Heterotrophic Growth
Extracts from auto-and heterotrophically grown Chlorella were prepared, in order to determine whether a single enzyme is present in the cells under both growth conditions. AHAS in crude extracts of algae grown under autotrophic conditions had a Km for pyruvate of 9.1 mm (Fig. 5) . The specificity ratio R of the enzyme for its two products, AL and AHB, was 22 and remained constant over a wide range of substrate concentrations (Fig. 6) . The shape of the kinetic curves and the constant specificity of the enzyme suggest the existence of only one enzyme in the algae (Figs. 5 and 6 ). The characteristics of the AHAS activity in extracts from auto-and heterotrophic cultures were compared, but no marked differences were observed between the two extracts (Table II) . However, the specific activity of AHAS in crude extracts of heterotrophic cultures was twice as high as that from autotrophic cultures.
The regulation of AHAS by the branched-chain amino acids was studied in vitro. Different concentrations of each amino acid were included in the reaction mixture, and AHAS activity was determined. As shown in Figure 7 , valine was the most potent inhibitor of AHAS from autotrophic Chlorella cultures. The enzyme was inhibited by 57, 25, or 8% in the presence of 1 mM valine, leucine, or isoleucine, respectively. Similar results were obtained with extracts of heterotrophic cultures.
DISCUSSION
The properties of AHAS have been reported previously for only three eukaryotic algae (8, 19, 29, 30) . In each of these cases, studies were carried out under a single set of growth conditions. In this study in Chlorella emersonii we provide a more detailed characterization of the properties of AHAS than has been reported for other cases, and in addition compare these properties in algae grown autotrophically and heterotrophically.
The AHAS activity in extracts from C. emersonii is similar in many properties to that reported for bacteria and for other eukaryotes. As in other organisms (15, 18, 28) AHAS from chlorella is regulated by the end products of the biosynthetic pathway, the branched-chain amino acids. Valine is the most potent inhibitor of the enzyme in extracts from both autoand heterotrophic cultures, as it is in bacteria (28), yeast ( 15) , and the algae Euglena (19) and Porphyridium (our unpublished results). In most higher plants, on the other hand, leucine is a slightly better inhibitor of the enzyme (18, 21) . Unlike Euglena, Porphyridium, yeast, and bacteria, isoleucine is the poorest inhibitor of Chlorella AHAS among the end products. In this respect, Chlorella AHAS is similar to the enzyme of higher plants.
As has been observed with purified AHAS from several sources (4, 7, 24) , the AHAS activity from Chlorella obeys Michaelis-Menten kinetics with regard to pyruvate (Fig. 5) . It protein-1 * min-') a Based on pyruvate dependence at pH 7.6 (see e.g. Fig.  5) .
b Based on substrate dependence of AHB/AL ratio (see, e.g. Fig. 6 ).
c Based on SMM dependence of activity over 20 min, at saturation with pyruvate (see, e.g. Fig. 4) .
d Based on valine dependence of activity at saturation with pyruvate (see, e.g. Fig. 7 ). [ PYRUVATE 1 (mM) Figure 5 . Pyvuvate dependence of AHAS activity. AHAS activity was determined in a crude extract of an autotrophically grown culture. The inset is a double reciprocal plot of the data.
has been pointed out that the Michaelis-Menten kinetics shown by the purified enzymes, despite the involvement of two pyruvate molecules in the reaction, has mechanistic significance (7) . In the case of activity from a crude extract, Michaelis-Menten kinetics also implies that the activity is due overwhelmingly to a single enzyme, although the possible existence of two or more enzymes with the same Km can not be excluded. The Km for pyruvate was about 9 mm for extracts from C. emersonii grown either heterotrophically or autotrophically. This Km is in the range reported for AHAS from other organisms, i.e. 1.5 to 15 mM (7, 17, 21, 25) . The substrate specificity of the AHAS activity in an organism, together with the internal concentrations of pyruvate and 2-ketobutyrate, controls the relative amounts of the amino acids isoleucine and valine plus leucine produced (2). As 2-ketobutyrate is a minor metabolite compared to pyruvate, and may be toxic at high concentrations (13) , a high specificity for 2 KB (R > 20) appears appropriate for AHAS activity under most circumstances (2) . An AHAS of low R (e.g. enterobacterial isozyme AHAS I, R = 2), on the other hand, is apparently advantageous for adaptation to a physiological regime which leads to low internal pyruvate concentrations. The AHAS activity of C. emersonii grown either autotrophically or heterotrophically exhibits a specificity, R, of about 22. The observed R is sufficiently constant over a range of 2 KB concentrations, that it is very likely that the activity is due essentially entirely to a single enzyme, or to isoenzymes of very similar specificity. However, as there is a slight downward trend in the observed R, the possibility of a small contribution from an enzyme of lower R can not be completely ruled out.
The similarities in the characteristics ofthe enzymes derived from autotrophic and heterotrophic cultures, and the fit of the kinetics to the behavior expected for a single enzyme (Table II) , all support the conclusion that almost all of the AHAS activity under both conditions is due to the same, single enzyme. Strong independent support for this conclusion is provided by the fact that single gene mutations in AHAS, isolated by selection for SMM resistance under autotrophic conditions, provide equivalent SMM resistance under heterotrophic conditions.
The mutants SMR 1 and SMR2 are almost certainly single gene mutations in AHAS. The mutant frequency was 5 x I0-7, similar to the frequency of spontaneous SMM-resistant mutants of AHAS in other haploid organisms (5, 29) . Also, the morphology of the mutant cells and their colonies and the growth of their cultures under control conditions were identical to those of their parent strain. The degree of SMM resistance of the AHAS activities of the mutants is correlated with the degree of resistance of the organisms to SMM, as has been observed for a variety of other organisms (5, 9) for which genetic evidence also demonstrates convincingly that AHAS is the target of SMM toxicity (3, 5, 8, 9, 16) .
The sensitivity of C. emersonii growth to SMM (MIC = 10 um) is lower than the sensitivity of higher plants (9, 23) . The red alga Porphyridium sp. is even less sensitive to SMM (29) than the green algae C. emersonii and Chlamydomonas rheinhardtii ( Fig. 2 [22] ). It has been suggested (13) that the effects of inhibition of AHAS are due in part to accumulation of 2 KB, and that isoleucine prevents this effect because of its feedback inhibition of threonine deaminase (see Fig. 1 ). It is conceivable that in C. emersonii isoleucine from the medium does not reach levels which effectively inhibit threonine deaminase. Whether the partial relief of inhibition is due to limited amino acid uptake or to some other effect, its nature is interesting, and suggests that DNA replication and/or cell division in C. emersonii may be more sensitive to inhibition of AHAS than is protein synthesis in general. The system described here might be a convenient one in which to study inhibition of eukaryotic cells by SMM.
The presence of a single AHAS isozyme in C. emersonii was somewhat unexpected. Escherichia coli and Salmonella typhimurium each express at least two isozymes of AHAS, with low and high specificity for 2 KB. The expression of the former gene is unusual in that it is regulated by the general 'catabolite repression system,' which is activated in response to certain changes in carbon source (28) . These changes strongly affect the concentration of pyruvate, the substrate of AHAS. Autotrophic and heterotrophic growth conditions in algae have been shown to lead to differential expression of isozymes, e.g. of glutamine synthetase in the green alga Stichococcus bacillaris (1) . However, these two growth regimes are apparently similar enough with regard to the function of AHAS in C. emersonii, so that a single AHAS isozyme is sufficient to support growth.
